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1.

INTRCDUCT ION

Trhe rossibility (hat a small-angle crystal boundary mignt consist »f an
array of Jdislocations was rointed out by Burgers(l) and by Shockley ani Read(z).
Ixperimentai vosifieoatinn of this concept was abtained in  some recent work(a'“).
It is the purrase of this paper to revort further sbservations on tne properties
of small angle disloca%ion bouniaries in zinc 1n the temperature range -196° to
{ycoc.

After annenl ng at a temreratura close Lo the zelting point, it is presuned
“nat s stall angle boundary consists of »n approximately evenly-spaced array of edge
dislccations. For a 1° boundary in zinc “he sracing 'evween dislocations is about
60 internlanar distanczes. Mhen such an array hi. teen caused to Tove by an applied
shoar stress, the volame of crystal through weich the array has gassed fas under-
gone 2 shear strain. For a 10 boundary a shear strain of abtout 2 cercent is pro-
duced: the magnitude o7 the strain is Jetermired by the angle of the boundary,

The motion of small angle ooundaries car therefore te corsidered as a part:cularly
uniform type ~f plastic defar=atinn in which sirgle dislocations traverse every
12th o 107th slir clane ratrer than 120 to 1,997 disl cations traversing much
more widely separated rlanes. Continued disrlacement of the boundary involves

an enlargement of the strained volume of crystal. As has teen pointed out(g).

tne stress required to set an array of dislacations farming a boundary intc m-~tion
15 anrroximately the same as the yield stress for the material., Since motion of

a courndary only involves movement of dislocations already existing, this implies
tnat the stress necessary to wmove dislocatisns may determine the yield strength

=¥ 2zinc rather than the stress necessary to generate new Jdislocationrs,



EXPERIMENTAL TECHNTQUES

Tre metnod »f preparing small anitle toundiry srecimens has been described
; e (L) the 5 -
in an earlicr paper . Racently an improvement in the shape of specimens was
made, in that 2, 14" x 0.2" x 1.0" rectangular bars were employed 1n place of
the earlier discs. The rectangular bdar specimens were cut to size :v means of
an acid sawing technique Jdescribed elsewhere(é). A specimen of this shape of-
fered the advantage of constint averapge shear stress on the wmundary during its
motion. A typical specimen containing a simple edp2 tyre bouniary 1s shown in
Fig. 1. The cronounced change 1n lisht 1ntensity existings at the boundary is
due to the relative change 1in or:entatinsn of the basal plane across the
boundary. The boundary is also visible on the side or (1i°0) face cf the
srecitens This effect was attrituted to the reflection charactaristics of a
minute line grating produced by etching Juring the acid sawing operaticn.
S“tched valleys constituting the grating were visible at SO0X and anpeared ran-
domly sraced “ut were aligned paraliel to the basal plane. The tilting avout
the EvliJO-] axis was sufficient to cause tnis ontical effect,

Tre svecimens were loalad and obsorved hoth at los and high temrerature
in a manner s.own photograpnically in Fig. 2 and scnematically in Fig. 3. [or
nigh temperature studies, the specimen was supported in a small electrical
resistince furnace. At liquid nitrogen temperaturaes the specimen was immersed
in a Dewar flask. Both the furnace and vacuumn flask contained viewing ports of
optically flat gzlass to facilitate the microscopic observation of the boundaries
and their motion. Poundary angles were measured optically with a long feca2l
length goniograph capable of an angular resolution of approximately 30 seconds.

(See Acpendix for details) .



FIG. | MACROPHOTOGRAPH SHOWING A 0.73° EDGE DISLOCATION

BOUNDARY IN A ZINC CRYSTAL SPECIMEN OF THE TYPE
USED FOR BOUNDARY MOTiOM STUDIES. uX.



EQUIPMENT USED IN STUDYING THE MOTION OF SMALL
ANGLE BOUNDARIES IN ZINC CRYSTALS.
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OB5ZHVATIONS AND DIsCUCSION

.

A. Effect of Tempeorature and Stress on Boondary ¥otinn

Srall-angle boundaries used in tnis study cansisted essentially of a planar
array of ed:se dislocations with common Burgers veciosrs. These bouniaries were
made to move tnrough tae crystal by the applicitisn of a shear stress acting in
the Jdirection of the Ruryers vech-r 1t temperatures varying from that »f liguid
nitrosen to near the melting point. The chara-teristics of this motion, however,
vary markedly with temperiture. In tne hivser temperature range, i.e. 0% to
LOCOC, the displacertnt rate of a boundary wa: observed to he constant under the

(L)

action of a constant siress The rate was dependent upon the temperature,
stress level, (Fig., L) and the boundary angle (Fig. S) such tha the higher the
temperature and stress or the lowar the btoundary angle, the greater the rate of
boundary motion. At high temperatures it was nobl found pos-itle tc establish a
lower limit of stress ~elow which no mstion would sccur. The temperature depen-
dence suggested that a thormal activiation orocess was a major controlling feature.
t wis thus possible, as reported oreviously, to determine that an activation
enerry of approximately 21,500 cal/molie #as i1nvolveid in the motion of a boundary.
On the other nand, only a small amount of tnermal assistance 1S available
at room temrera*ure for tnis process and essentially ncne at the temperature of
liquid nitrosen. It ias reasonable then to expect that bouniari-s would behave
quite differently at these lower temperatures, In tosts at rcom temperature,
boundaries were observed to move in a manner remarkably different frcm that noted
at elevated temperature. As the load was gradually incrcased, a value would be
reached at wnich tne bourdary suidenly jumped t~ a new position at a velocity
too rapid tn e followed by the eye. The movement was frequently accompanied by
a decrease in the angle of the boundary. The length of the jump was observed to
be quite erratic. Jump distances as great as 0.5 mm were noted in some 1instances.

Motion of boundaries at liquid nitrogen temperature was dif7erent from either

that at room or elevated temperarures. Neither creep under constant load as at
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L.

t.i7h temperatures nor sulilen junps over appreociratie distancgces as at room tempera-
ture were observed. Motion aprrarcd t~ o stealy when viewed at 57 Adirameters
magnification but a continumusiv 1ner-asing st-ess was necessary to cause movement
to continue, As at room temperature, the bouniaries "ehave] somewhat erratically,
changed character during mntion, and occasinnally refused to move even though the

1o0ad was continususly increased.

B. Similarities Between S:mrle Shear Deformation_and Boundary Molion

A comparison of the deformation of sinci2 crystals in simrle shear with the
motion of edge dislocation boundarios revealed "sme romarkable similarities.

Single crystals of zinc tested al elevated temper:itures exnhibited strily-state creep
characterized by a proces: having an activati~n enerpy of 20,200 cai/mole, This
compared favorably with the activation eneryy for steady state boundary motion
ncted in the samc temperature rasge,.

Creep tosts in simple shear on single crystils at rcom temperature showed that
extension freguently occurred in a succession of sudden ~umps. This ophenomenon is
arparently related to the jump-like tehavior ohservadi for boundaries at this
temperature. Jerky motion of disiocition arrays lends strong experimental support
to the concent of 1inter-lockin® of dislocitions with 1mmobiie lastice imrerfections.

The shear stress far motion of a dislocatinn array increases with decreasing
temperature in a parallel fashion to the i1ncrease 1in crit.cal stress for slip.

The stress-strain curve for a single crystal tested in simpie shear at liquad
nitrogen temperature is given in Fig. 6. The stress-displacement curve of a 1i°
boundary obtained at the same temperature 1s shown 1n Fig. 7. In both cases a

continuous increase in stress was necessary to maintain a constant displacenment

rate,

C. Chanpges in a Boundary as a Result of Motion

A dislocation array in a zinc crystal will i» asle tc assume a low-energy

confiyuration in a relatively snort time a% UD09C because of rapid d:ifTusion,
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“dce disloca“ions of like sign should 2istribute themselves into a fairly uniform
rlanar array aporaximately at rigcht angles to the slip vector o7 the dislocations.,
The degre- of perfection which such a boundary array can attain i1s difficult to

estimate, but 1t waé as:ume.d that after annealing wne boundary angle was a rea-

sonably accurate measure o¢ the spa~ings of dirslincwtions in the array.

4

Waen such a boundary 18 forced %o move through the crystal bty apriication
of an external stress, tne disloc.ti1ons comprising tne boundary presumably en-
counter obstacles: for examrle, im-obile disloc:tion segments forming parts of
a mosaic networrk. Tnere is a possit:ility tnat during moticn of  tne boundary,

- TS 3 e el H . e o~
some of the dislocations in the array #iil interast s

T

rongiy encugh with 1m-
mobile lattice imrerfectisns =~ as to be lefe tenind tne moving array. In this
event the bouniary ancle should decrease durin, moticon. This was actually found
o te the case. As suswn by the goniograpns of Fig. 5, when a bounaary was moved
atout 0.25 mT a% rosm temperature, the angle of the btoundary decreased from 1.26°
to 2.613°, Similar behavior was sbservei far mation 2% 1i3urd n.Trosen tempera-

ture, Despite the decrease 1n anpular magrttuie of the boundary, the stress

(34

necessary Yo move the bhouniary continued te increase. It 1s not yel possible

cr

¢ thsssc between numerous possibie explanat:cns for this continucus increase

in stress. Howover, a few of tne possitiiities might e ircr2ase in the number
of sters in the dislocation lines due %o intersections with screa dislocation
segments: back stresses atiributable Lc trarped dislocations in the strained
material through wiich the array has moved, increase an total Jdersity of disloca-
tions ir the boundary Jdue to trapping of equal numters of positive and negative

dislocatisns encrated in the bLulk of the cryobtal luring the test, The last

rad

ros38ibility arises from the fact tn4t the stress reoguired for toundary movement
is comparable with the yield stress »f the crystal,
At high tempera*ur>c (3)0-400°C) tne bouriary anile did not change during

motion. This fact is 1llustrated by the gonic:raphs of Fig. 9. 1n addition,

in this temperature rance the bouniary corntainued to meve at 1 constant rate unler




a. BEFORE MCTION OF THE BOUNDARY

b. AFTER MOTION OF THE BOUNDARY.

FIG. 8 PHCTOGONIOGRAPHS FROM A DISLOCATION BOUMDARY SHOWING
THAT THE DECREASE IN THE BOUNDARY ANGLE FROM 1.268°TO
0.63° AFTER A DISPLACEMENT OF 0.25 MM AT 25 °C WAS
ACCOMPANIED PY A DISSOCIATION OF THE BROUMDARY INTO A
NUMBER OF SMALLER ANGLE EOUMDARIES.,

B -




a. BEFORE MOTION OF THE ROUNDARY.

b. AFTER MOTION OF THE BOUNDARY.

FIG. 9 PHOTOGONIOGRAPHS FROM A 0.89° DISLOCATION BOUNDARY
SHOWING THAT THE CHARACTER OF THE BOUNDARY ESSENTIAL-
LY WAS UNCHANGED AFTER A 0.50 MM DISPLACEMENT AT
375°C. (2 inches = 1°)




6.

constant applied snear stross. This 1ndicates that at tomperatures where rapaid
Jiffusion is possible, any changes in the structure »f the boundary and in the
strained material tnrough wiich it nas passed can *e continususly retmoved by a
diffusion process. Trapred dislocitisns may = able to escape from .mmobile

obstacies, and positive and ne.:tive i:islocat,.sins ¢ otur-d by the boundary may

.y . . \
antihilate each other by the mechanism of clim! sugr-ested oy vort (7)) Thus at

nicsher temperstures the bounidary can be rigtured 20 wninboein.n,s 3 mive or less

constant structure during mobicn.

D. Boundaries as Tarriers Lo YVoving Ulslccations

Freauently at liquil nitrogen Somperatures or uron rapid lealing at higher
terreratures, a stall angle boundary was orserves Lo oast oas a very effective
tarrier asainst tne motion of otrner lisiscati-n:s, ¥ig. 23 sroaws oa speciwen
wnich oripinally co-tained a 1© bouniary it the conter. Rapi! lealing at 37590C
caused gereral sliv %o Tegin in the regicn oY the srecimen between itne btounidery and
the place the 1~ad was av-zied, The Yeniiryg resdaiting {rom thic siio, however,
was not general alon- the length cf the scelimen, As DAy Yo seen irn the igure,

tending occurred at the boundary near the conter of

the spec.men. “he angle cf
the boundary increased tos 159, This behavior czlearly :indicates the abiiivy of a
small angle boundary to act as a trap for movimng dislocations. The specimen alsc
contained another large angle toundary at tne ylace the lcad was aprplied. Das-

locations collected here because tne shear stress fell rapidily trom a high value
: Y ¢

to zern at Lnis location.

Z. Unicn of Diclocation Boundaries

When a numpber of small angle boundaries lie 1in proximity %o one another 1in
a 2inc crystal, they may ‘e male tc jeoin together by anncaling tc prcduce a
single boundary having an angle equal to the sum of those of the individua: boun-
daries. Fig. 11 shows the union of two bouniaries resulting frem 2 twernty minute

anneal at LOD°C. It has also heen observed that a "curved" region ¢f the crystal




FIG.

10 MACROGRAPH SHOWING A I5°ROUNDARY DEVELOPED FROM
A 1° BOUNDARY BY TRAPPING DISLOCATIONS GENERATED

WITHIN THE CRYSTAL DURING RAPID LCADING AT 375°C.

ux.

— e ———— -




2., PEFORE MOTIOM OF THE BOUNDARIES.

b. POSITIONS OF THE ROUNDARIES AFTER 5 MINUTES
AT 400 °C.

c. UNION OF THE BOUNDARIES AFTER 20 MINUTES
AT 400 °C.

FIC. 11 MICROGRAPHS SHOWING UNION OF ROUNDARIES OF LIKE
SIGN AS A RESULT OF MOTION OF BOTH ROUNDARIES
DURING AN AMMEAL AT u4C0°C. 200X.

"‘\__ —l]




7.

near a Ywundiry tends to straighten out an! necsme flat during annealing. The
gonitographs of Fip. 12 show that tLne total angle remaine! constant. It 1s
apparent that the union of ULouniniries reiuce: tne strain enercy cf tne <rystal.

Dislocation boundaries =7 l:ike ciyn can !+ naie toumte Ly tre application
of a stress, even a% low temperalures. Fig. 13 snows nire closely-s:aced boun-
daries wiich were brought topnther at lisuld nitrepen temperatures by a gradually
increasing stres:. The total angle of tiit was ~ob cnange? bty the unification,
This stress-irduced union of bouniirias in tie wrsernce of thermal activaticn pro-
vides a mechanism for the building ur of a substructure dur:ing defcrralicn even
at low temperatures,

It also was vossible to unite voundiaries ol unlike sigrn btoth abt high and low
tewreratures, The union of twn wuch bourisri s, shown in Fig 1L wacs trought
about by arplication of a constint stress at 375°C. The -0.u49° boundary to the
left and the -2.299 boundary to the right :n Fig. 1ua Jowned to form the 169
boundary shown in Fig. lub, Altrnough it hac boen ctserved that rartially urnited
btoundaries of like sign may hve separated aga:in vy a reversal of the apriied
stress, this has not been found to e true for part:ally joined boundaries of
unlike sign. (Fig. 15) These exper:imental observat:ions imrly that the bringing-

together of dislocations of opposite sign can result in their annihilatione

SUMNARY

Arrays of edge dislocations wiich produce low angle boundiries 1n zinc single
crystals can he made 4o move by the aprlication of an appropriate shear stress at
temperatures {rom -196°C to 400°C. Contirued moticn at -156°C required tne arplai-
cation cf a steadily increasing stress. At room temperature the movement was
discontinuous; during each advance, the bcuniary mcved very rapidly through an

aporeciable volume of material. In contrast, at elevited temreriture mnotion was

The deformation of zinc 1in simrle shear stawel characteristics very similar




a. INITIAL ARRAY,

b. AFTER 5 MINUTES AT 375°C.

FIG. 12 PHOTOGONIOGRAPHS SHOWING THAN AN APPARENTLY CURVED
REGION OF A CRYSTAL PECOMES PLANAR DURING AN ANNEAL
AT 375°C. (2 INCHES = | DEGREE)




FIG.

a. BEFORE MOTION CF THE BOUNDARIES.

b. AFTER MOTION OF THE POUNDARIES.

I3 STRESS-INDUCED UNION OF ROUNDARIES OF LIKE SIGN
IN A ZINC CRYSTAL AT -196°C. HOOX.

e e —— —




+049° =-0.29"

+0.19°

+049° -0.29°

(b) AFTER MOTION OF BOUNDARIES

FIG. 14

STRESS INDUCED UNION OF BOUNDARIES
OF UNLIKE SIGN AT 375°C. UNDER A
CONSTANT SHEAR STRESS OF I0PSI. 200X

DI U




+0.19°

+049° \-029°

. ] ¥ . J

(a)BEFORE REVERSING THE DIRECTION OF APPLIED STRESS.
( SEE FIG.14b)

(b) AFTER REVERSING THE DIRECTION OF APPLIED STRESS.

FIG. 15

EFFECT OF REVERSING THE DIRECTION OF APPLIED STRESS AT 375°C
ON THE MOTION OF THE BOUNDARIES SHCWN IN FIG.14. THE+0.19°
BOUNDARY FORMED PREVIOUSLY BY THE STRESS-INDUCED UNION
OF THE -029°AND +049° BOUNDARIES DID NOT SEPARATE INTO THESE
COMPONENT BOUNDARIES. THE CONTINUED MOTION OF THE +0.19°
BOUNDARY CAUSED THE +049° BOUNDARY TO SPL!T INTO +0.19°
AND +030° COMPONENTS 200X
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ta Ltiose of veving boundiries 2t the same Sent temroratures,  This implies that the
vropagation of dislscat: e rather Lhan Lhelr poneratinn may Ye tne {actor which
determines the yield strenpth of 2:inc crvstals

ring Yhe motisn of A Lounliry at olewvated temeersture, {33C9.40CCC),

‘ - P Y . - . . . -~ D . I . . v
toundary ancle remained c¢onstant; at Tow tomreratures the toundory changed 1n
character both with repard Lo 2nsle i rogniarity. Diffursion presumatly assis-

ted in gvercomin; tarriers at the h:ph temperatures so that the houni ry csuid move
Aar an intarral unit. AL low temrerstures, newever, oorhisns 2 tne boundary ap-
veared to Yecome travredi or were forced o assume mary comrlex shapes tarougn
interaction witn sther structural iofectr,

Small ancle boundnries of live sign in proximity “~ gne annvther zoalesced
¢

(o PN PN . ~ - .
C Lo form a single boundary,

iuring short-time annealing treatments at ).

O
(94
D
[92]
»
AL
Ee
ba
I
=3
44
O
)

"Curved" bouniaries tended to :ecome rlanar and rerpendicular t

]

tion as a r-suit of such tr-atment. Closely sraced boundaries of Line sipn were
cwade to join at -196°C throvgh the aprlication o
mechanism for the doveleopment of substructure in tho absence »f thermal motion of
tie toundary. Boundaries of unlike sicn were also maide to Jcin by Teans of stress
at bath high and low temperaiures, The angle 5{ the beundary resulting from the
union ~f boundaries of Aprosite sipn a%t eievited temperatures 12 in accord with

“heoretical rredictions that dislorations of oprosite sign can te mutually de-

structive,

Measurement »f Small Angle Foundaries with an Opticai Jonicgrarh

For the purrose of determining the magnitude of the boundary angies 1n 2inc,
a goniograph emrloying ortical reflection from the cleavayge rlane waz used. The
apparatus 1s shown schematically i1n Fig. 16, An 1ntense light scurce emanaling
from a pinnhole abt "A" was focussed by means of a long focal length lens at "3*

upon a rlane ground glass or photosrarhic film at "E" after approxamately 90°
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FIG. 16
SCHEMATIC DIAGRAM OF OPTICAL GONIOGRAPH

__I ‘___lo'0|" __{ tI__9'43“

Q.CIRCULAR APERTURE D. SLIT PERPENDICULAR

254 mm. DIA. AT REFLECTOR TO AXIS OF ROTATION
0.2x 1.5mm. AT REFLECTOR

FIG. 17

PHOTOGONIOGRAPHS FROM MIRROR TILTED THROUGH
A SMALL ANGLE «. (ACTUAL SIZE)



9.

reflection from a mirror surface, "D". The ferus-ed spot a% the position »f the

film thus had the shape of the pinhole source. The positien of tnis focussed spot

A

dependel anly upon the angle 28 11t of trne mirrar ant w stherwise 1ndependent

of the pasitisn or extent of the Tirror 1o svaste | provided that the refllecling

1

rlane rassed through the roint of 1ntersectiun »f Lne instruments sotical axes,
Two reflezting nlanes {1ffering tn orieontatian by an angie o0 rotation
abtout an axis perpendicular to the inzilernt !'eam sive rise tc reflections da
fering by 2Y . Similar planes 3d.ffering in oriertation oy an argie &' abtout
the incident axis yield reflections separated by the same angie ¢ .
In practice, a lens system with an effective focal length =f 175 om was
employed 1n conjunction with a srecimen L2 f1lm distanze =f 72 <m, The f3cal spot
was sufficiently large under thene conlditions i per=it the fllz 49 te examined

satisfactorily w#ithout ~agrn Ticttion. A resolutinn of 7.005% was cntained with
[

o3

an opticaliy flat mirror reflecting a ).2% cone cf light (2.54 mz d:ameter zross-

-
'S4
b

gection at mirror). t was considered desirabtle tc he avle liz.t the reflec-

ting region of the specimen such, for examrle, that variations in orientaticn

pe

etc., occurring alons a toundary ~wipht te evaluated, For th:s'purro=e a mount
was suppliei at "C", Tig. 4, in which #11%r »r other aperturers could be rositicned.
L slit 2.2 mm x 1.5 mm decreased the resolution consiieratly .n a directicn rer-
pendicular tn the slit, 3s shown in Fig, 17t, but essentially waintained the resc-
lution in the plane of the slit. By positioning the 8lit and specimen such that
the slit axis and the Burgers vector of eilge dislicc:ticns comprising the bpoundary
were both in the plane of incidence, optimum resoiution ir the des.red direction
was maintained. An 0,2 mm léngth of boundary was thus required for the angle
measurements,

Alignment of a srecimen in the gonio,sraph wns accomrl:sned by means of a

microscope whose axis bisected the ortical axes of the inotrument. This micro-

19}

scope was arranged to focut permanently on the ax:ial interseection of ¢tre gonio
L i &

graph. The eye-piece crosn-hairs estall-shed *ie axial riane and the position in




~n
~.

tnis rlane of the intersection. A specimen to -~ studied wa- brought inue pesition

ty means of a three coordinate translation device in conrnjunction w:ith

&

three level-

ing screws for rotational adjustment. Tne portinn 5f the goniograrh in the

nity of the specimen is shown photopraphically in Fig. 18,

Eeflections from zinc cleavace surfaces occasionally appraached the resol

sthown ty the mirror tut pgenerally were consilieratly more comrlicated,

instances this could be 1% least rartly atirituted to cleavage faults.

cases, tne i-fluence of structural Jdisco:fermit:es »ther than edge dislacations

In some

v

iC1-

In other

vith a common Burgers vect-r appears2d 4o be coming 1mte play.  An investigation of

sore of these elfects is rresently 1n rrosress,




FIG. 18 SPECIMEN STAGE OF OPTICAL GONIOGRAPH SHOWING
CRYSTAL IN POSITION FOR BOUNDARY ANGLE
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